a r t i c l e s miRNA biogenesis starts with the transcription of long pri-miRNAs, typically by RNA polymerase II. pri-miRNAs are characterized by stem-loop structures consisting of a terminal loop, an upper stem, a duplex of miRNA and its complementary strand (miRNA: miRNA*), a lower stem and flanking single-stranded basal segments (Fig. 1a) . In animals, pri-miRNAs are first processed by an RNase III enzyme, Drosha, and its partner, DGCR8 protein (also known as Pasha) 1 . DGCR8 associates with the base of the stem-loop structure and sets the catalytic site of Drosha 11 bp away from the singlestranded RNA (ssRNA)-double-stranded RNA (dsRNA) junction 2 . The resultant products, known as precursor miRNAs (pre-miRNAs), are further cleaved by another RNase III enzyme, Dicer, to release ~21-bp miRNA:miRNA* duplexes 2 . Mature miRNAs are loaded into Argonaute (AGO)-containing RNA-induced silencing complexes and guide AGO proteins to repress their complementary targets 1, [3] [4] [5] [6] [7] [8] [9] [10] .
a r t i c l e s miRNA biogenesis starts with the transcription of long pri-miRNAs, typically by RNA polymerase II. pri-miRNAs are characterized by stem-loop structures consisting of a terminal loop, an upper stem, a duplex of miRNA and its complementary strand (miRNA: miRNA*), a lower stem and flanking single-stranded basal segments (Fig. 1a) . In animals, pri-miRNAs are first processed by an RNase III enzyme, Drosha, and its partner, DGCR8 protein (also known as Pasha) 1 . DGCR8 associates with the base of the stem-loop structure and sets the catalytic site of Drosha 11 bp away from the singlestranded RNA (ssRNA)-double-stranded RNA (dsRNA) junction 2 . The resultant products, known as precursor miRNAs (pre-miRNAs), are further cleaved by another RNase III enzyme, Dicer, to release ~21-bp miRNA:miRNA* duplexes 2 . Mature miRNAs are loaded into Argonaute (AGO)-containing RNA-induced silencing complexes and guide AGO proteins to repress their complementary targets 1, [3] [4] [5] [6] [7] [8] [9] [10] .
In Arabidopsis, DCL1, one of four Dicer homologs, orchestrates this entire process, including the conversion of pri-miRNA to pre-miRNA and the release of pre-miRNA to miRNA:miRNA* duplexes 5, 11 . DCL1 has two cofactors, serrate (SE) and a dsRNA-binding protein called hyponastic leaves 1 (HYL1), among others 12 . HYL1 and SE have been proposed to have a role analogous to that of DGCR8 by acting as a molecular ruler for miRNA processing in plants [13] [14] [15] [16] [17] [18] [19] [20] . Plant primiRNA hairpins are heterogeneous in length and structure, with variable positioning of the miRNA:miRNA* duplex 21, 22 . Genetic studies have demonstrated that an imperfectly paired lower stem of ~15 bp below the miRNA:miRNA* duplex is a key element for the initial pri-miRNA cleavage, which led to the proposed '15-nt model' in which the initial pri-miRNA processing often occurs at a distance of ~15 nt from either ssRNA-dsRNA junctions or internal unstructured regions [23] [24] [25] [26] . In contrast, the terminal loop and upper stem are largely tolerant of mutations for some pri-miRNAs 24 but not others 27, 28 . Moreover, many plant pri-miRNAs harbor branched terminal loops (BTLs) or multiple bulges or internal loops in the lower and upper stems. How pri-miRNAs with complex secondary structures are recognized and processed remains elusive.
miR-165 and miR-166 are two related miRNAs that differ in sequence by only 1 nt and both target HD-ZIP III transcripts 29, 30 to regulate meristem development and organ polarity. They are encoded by nine loci in the Arabidopsis genome (MIR165a, MIR165b and MIR166a through MIR166g). pri-miR-165s and pri-miR-166s contain diversified structures ranging from linear foldbacks to complicated branched loops at variable locations. Here we found that BTLs markedly decreased miR-166 abundance in the majority of cases. DCL1 complexes processed terminal loop-branched (TLBed) pri-miRNAs bidirectionally, either canonically from base to loop, resulting in miRNA production, or noncanonically from loop to base, leading to abortive processing. DCL1 complexes cleaved pri-miRNAs at 16-17 bp away from reference ssRNA-dsRNA junctions for either canonical or noncanonical processing, although DCL1 could also adjust the processing sites near an internal loop through its helicase domain. These results shed light on the complicated relationship between pri-miRNA structures and miRNA biogenesis in plants. Supplementary Fig. 1c) . Conversely, swapping of the pri-miR-166f top to pri-miR-166c led to enhanced miR-166 accumulation and more severe phenotypes. Notably, we did not observe this enhancement with transgenic plants expressing chimeric pri-miR-166c f B , which harbors the base (B) of pri-miR-166f (f) in the pri-miR-166c context ( Fig. 1e and Supplementary Fig. 1d ). These results were reproducible with both the extended and concise forms of pri-miRNAs in Nicotiana benthamiana (Supplementary Fig. 1a,f,g ). Thus, a combination of a base, a top and a miRNA:miRNA* duplex in an appropriate pri-miRNA context is required for maximum miRNA accumulation.
pri-miR-166c BTLs contain two small lobe loops (labeled 1 and 2) attached to a large terminal loop (labeled 3) (Fig. 1f, MIR166c top) . Deletion of loop 3 (MIR166c T1 and MIR166c T2), reduction in the size of loop 3 (MIR166c Ts3) and linearization of the foldback (MIR166c T2+3) all substantially increased miR-166 accumulation and enhanced the severity of the transgenic phenotypes, whereas the large terminal loop in the top region (MIR166c T3) did not have an observable effect relative to pri-miR-166c ( Fig. 1f and Supplementary  Fig. 1e ). We conclude that the size, shape and distance of terminal loops relative to miRNA:miRNA* duplexes can be crucial for miRNA accumulation in vivo.
Abortive processing of pri-miR-166c lowers miR-166 levels pri-miR-166c and pri-miR-166f had comparable primary transcript levels in vivo (Supplementary Fig. 2a) Empty vector   5′  3′   3   1   2   5′  3′  5′  3′  5′  3′  5′  3′  5′  3′ d
Empty vector MIR166f

∆B
MIR166f
∆T
MIR166f MIR166f
c T
MIR166f
c B
c B +T
MIR166c
Top Top  Top  Top  Top  Top   Base  Base  Base  Base  Base  Base   miR166f*  miR166  miR166  miR166c*   5′  3′   5′  3′  5′  3′  5′  3′   5′  3′  5′  3′  5′  3′ miR-166 miR-164 e miR-166 miR-164 Figure 1 The secondary structures of pri-miRNAs affect miRNA abundance in vivo. (a) Schematic structure of a representative pri-miRNA. (b,c) sRNA blot analysis of miR-165 and miR-166 in T1 transgenic plants overexpressing nine MIR165 and MIR166 family members. The predicted secondary structures of the pri-miR-165s and pri-miR-166s are shown above. miRNA and miRNA* are shown in turquoise and red, respectively. Total RNA was prepared from a pool of T1 transformants (n > 200 for each construct). sRNA blots were probed using 5′-end 32 P-labeled oligonucleotide probes complementary to the indicated miRNAs (Supplementary Table 1 ). miR-164 was the loading control. npg a r t i c l e s differential accumulation of miR-166 in their transformants was regulated at a post-transcriptional level. We hypothesized that different secondary structures of pri-miR-166c and pri-miR-166f may alter their processing efficiency and/or accuracy by DCL1 complexes.
∆B
MIR166c
∆T
MIR166c MIR166c
To test this hypothesis, we developed an in vitro system of DCL1 reconstitution assays ( Supplementary Fig. 2b-d) . We coexpressed 35S-driven DCL1 tagged with two Flag and four Myc epitopes (2Flag-4Myc-DCL1), HYL1 tagged with six Myc epitopes (6Myc-HYL1) and SE tagged with three hemagglutinins (SE-3HA) in N. benthamiana because DCL1-HYL1-SE complexes can form an efficient miRNA processor 15, 32 . The purified DCL1 complexes cleaved the 5′-endlabeled pri-miR-166f transcript at the expected position, generating primarily a 26-nt fragment, which is the 5′-flanking segment (f1; 26 nt) (Fig. 2a,b) . We performed a parallel experiment with internally labeled pri-miR-166f and observed six major fragments: f1, the 3′-flanking segment (f2; 35 nt), pre-miR-166f (f3; 89 nt), the upper stem and terminal loop (f4; 47 nt) and miR-166:miR-166* duplexes (f5 and f6; ~21-22 nt). Hence, the in vitro DCL1 reconstitution assays were able to recapitulate the process of miRNA biogenesis in vivo.
In sharp contrast to the pri-miR-166f processing, incubation of 5′-endlabeled pri-miR-166c with DCL1 complexes generated equal amounts of two major fragments (Fig. 2c,d) . One of these fragments (c1; 24 nt) yielded functional pre-miRNA, representing productive processing. However, the other fragment (c1′; 40 nt) suggested abnormal, abortive cleavage in pri-miR-166c because the cleaved product did not contain the entire miR-166 sequence. We further confirmed the presence of two processing patterns for pri-miR-166c with internally labeled pri-miR-166c transcripts, which yielded two sets of cleavage fragments: c1-c6 fragments, which are equivalent to f1-f6 from pri-miR-166f described above and which resulted from constructive processing, and c′1-c′3 fragments, which were derived from abortive processing.
To determine whether abortive processing of pri-miR-166c was present in planta, we performed experiments of 5′ rapid amplification of cDNA ends (5′ RACE). Although we did not recover clear intermediate processing products from pri-miR-166c in wild-type plants, we identified distinct processing intermediates from 35S-MIR166c transgenic plants (Fig. 2e) . These processing products indeed corresponded largely to the cleavage positions that we found in our in vitro analysis, indicating that abortive processing of pri-miR-166c probably accounts for the lower accumulation of miR-166 from pri-miR-166c in vivo ( Fig. 2d and Supplementary Fig. 3a-e) .
Because we were unable to recover SE in our purified DCL1-HYL1 complexes, we repeated the DCL1 assays but added purified SE ( Supplementary Fig. 2d-f ). The addition of SE had no obvious effect on the cleavage pattern or accuracy for pri-miR-166c or pri-miR-166f, a result suggesting that this protein might not directly contribute to the processing of pri-miRNAs. In agreement with this notion, recent work has demonstrated that SE functions as a scaffold for C-terminal domain phosphatase-like 1 (CPL1) to dephosphorylate HYL1, thereby modulating its activity 33 .
DCL1 processes pri-miR-166c in opposite directions
The presence of two sets of pri-miR-166c-processing products suggests that the DCL1-centered microprocessor recognizes a r t i c l e s two locations in pri-miR-166c for cleavage. To understand how DCL1 complexes recognize pri-miR-166c, we modified DCL1 to examine the binding orientation of DCL1 complexes relative to pri-miR-166c. Dicers contain an RNA helicase domain, a PAZ domain, one or two dsRNA-binding domains and two RNase III (RIIIa and RIIIb) domains that cut dsRNAs concomitantly (Fig. 3a) . Bioinformatics analysis revealed that residues Glu1507 and Glu1696 of DCL1 are highly conserved in the RIIIa and RIIIb domains of Dicers among eukaryotic organisms 34 . We generated two point mutations in DCL1, E1507Q and E1696Q, which inactivate the RIIIa and RIIIb domains, respectively ( Supplementary Fig. 4a ). We reasoned that incubation of these semiactive DCL1 mutants with pri-miR-166c may produce partially processed fragments, which could be used to deduce the binding orientations of DCL1 in primiR-166c. Whereas DCL1a*DCL1b* (E1507Q E1696Q) abolished RNase III activity completely (Fig. 3b,c , lane 3), DCL1a* (E1507Q) generated c1 (24 nt) and c1′+c3′ (114 nt) fragments when we used 5′-end-labeled pri-miR-166c in the assay (Fig. 3b , lane 5). In parallel, DCL1a* produced two fragments corresponding to the c2′ (39 nt) and c2+c3 (129 nt) segments when we used 3′-end-labeled primiR-166c as a substrate (Fig. 3c , lane 5). These results indicate that DCL1 RIIIb cut the 5′ arm of the lower stem in productive processing and the 3′ arm (the site of miR-166) of pri-miR-166c in abortive processing. Conversely, DCL1b* (E1696Q) generated c1′ (40 nt) and c1+c3 (130 nt) fragments when we used 5′-end-labeled primiR-166c (Fig. 3b , lane 4), whereas it yielded c2 (23 nt) and c2′+c3′ (113 nt) fragments when we used 3′-end-labeled pri-miR-166c
( Fig. 3c , lane 4). These results indicate that DCL1 RIIIa cut the 3′ arm of the lower stem in productive processing and the 5′ arm of pri-miR-166c (the site of miR-166c*) in abortive processing. In addition, wild-type DCL1 also generated intermediate cleavage fragments (Fig. 3b ,c, lane 2, c1+c3 and c1′+c3′), a result indicating imperfectly coordinated processing at both sites. Taken together, these data suggest that DCL1 has two opposite binding orientations in pri-miR-166c ( Fig. 3d) : one orientation processes pri-miR-166c through its lower stem at the base, resulting in constructive production of pre-miRNAs, and the other orientation launches pri-miR166c through BTLs, leading to the destruction of pre-miRNAs. The helicase domain of DCL1 modulates its catalytic activity 32 . To study whether the helicase domain has a role in pri-miR-166c processing, we repeated the cleavage assays using truncated DCL1 with deletion of the helicase domain. We found that the deletion of the helicase domain completely abolished DCL1 activity for abortive processing and compromised productive processing of pri-miR-166c to some extent (Fig. 3e) . Consistent with this result, ATP is required for abortive processing but is only partially necessary for productive processing (Supplementary Fig. 4b) . Thus, the helicasemediated unwinding of pri-miR-166c structures, which is driven by ATP hydrolysis, is required for abortive processing.
DCL1 processes pri-miRNAs 16-17 bp from a reference site
Given the bidirectional activity of DCL1 complexes, we investigated how the cleavage sites are determined. Multiple internal loops or bulges present in the lower stems of pri-miR-166c and pri-miR-166f npg a r t i c l e s essentially mimic ssRNA-dsRNA junctions and thus may serve as the reference sites for guiding DCL1 catalytic activity. To investigate this possibility, we first annealed internal loop 2, which is ~11 bp away from the miR-166:miR-166* duplex, in the lower stems of pri-miR-166f (Fig. 4a , lane 4, F-∆L) and pri-miR-166c (Fig. 4b , lane 4, C-∆L2) and examined how the cleavage patterns were affected. Annealing internal loop 2 of either pri-miR-166c or pri-miR-166f did not alter the predominant cleavage patterns. Thus, the length of the molecular ruler in pri-miRNA processing in plants is not ~11 bp, as has been observed in animals 2 .
We next deleted internal loop 1 in pri-miR-166c, which is 17 nt away from the miR-166:miR-166* duplex if the 5′ arm is counted (and 16 nt away if the 3′ arm is counted). Only one major product (~33 nt) was produced in the DCL1 reconstitution assay (Fig. 4b, lane 6 , C-∆L1). Further studies with the DCL1 RIIIa-or RIIIb-compromised mutants (Supplementary Fig. 5 ) indicated that the 33-nt cleavage product resulted from abortive processing starting from BTLs to the miRNA:miRNA* duplex. This result indicated that internal loop 1 was required for the canonical processing of pri-miR-166c and probably served as the counting site for DCL1 processing. To further define the length of the molecular ruler of the pri-miRNA microprocessor, we created pri-miR-166c mutants by either annealing internal loop 3 (Fig. 4b, lane 12 , C-∆L3) or inserting three more nucleotides between internal loops 2 and 3 in the lower stem (Fig. 4b, lane 8, C-ILS) .
In both mutants, the length of the predominant cleavage products remained the same. These results indicate that the distance between the reference and processing sites is ~16-17 bp in plants.
The presence of internal loops and bulges between the reference and processing sites in the pri-miRNAs might affect the measurement accuracy of the microprocessor in the pri-miRNAs. To examine this possibility, we created another set of pri-miR-166c mutants harboring completely linear lower stems of different lengths (Fig. 4c) . DCL1 cleaved the pri-miRNA mutants similarly to the way it cleaved wild-type pri-miR-166c (Fig. 4b,c) , further validating that the processing sites in pri-miRNA were 16-17 bp away from the ssRNA reference site. Together our in vitro results support the 15-nt model observed in previous genetic analyses [23] [24] [25] [26] and more precisely pinpoint the cleavage sites of DCL1 complexes at 16-17 bp away from reference sites.
DCL1 adjusts processing sites close to an internal loop
Plant pri-miRNAs are highly heterogeneous in structure, and many of them lack lower stems with the optimal distance of 16-17 bp between reference ssRNA regions and miRNA:miRNA* duplexes 25 . We wondered whether plant DCL1 complexes have some flexibility in measuring distances and/or an additional sensor system to identify processing sites that allow for the precise cleavage of pri-miRNAs with structural and length heterogeneity. To facilitate our experiments, we annealed internal loop 2 and a small bulge between internal loops 2 and 3 in the lower stem of pri-miR-166c (Fig. 5a,b , C-LS-17). Next we generated a series of deletions or insertions based on the C-LS-17 backbone for DCL1 cleavage assays. In agreement with the optimal length of In a-c, immunoprecipitation, cleavage assays and RNA processing were performed as described in Figure 2b . (Fig. 4) , the cleavage efficiency of pri-miRNAs was highest when the miRNA:miRNA* duplex was 17 bp away from the reference internal loop (Fig. 5a , lane 14, C-LS-17). Deviation from this optimal distance compromised the productivity and accuracy of the DCL1 complexes. Specifically, if the distance was shorter than 16 bp, DCL1 inaccurately cut the pri-miRNAs at multiple locations, resulting in a pool of heterogeneous fragments (Fig. 5a,b) . This result is consistent with previous genetic studies showing that the sequence and structure of the lower stem (within ~15 nt away from the miRNA:miRNA* duplex) is crucial for the accurate processing of pri-miRNA [24] [25] [26] . Notably, when the lower stem was shorter than the optimal length, we observed more products resulting from abortive processing, whereas fewer products were generated from productive processing (Fig. 5a,b) . The inverse correlation between abortive and productive processing on the same pri-miRNAs suggests a steric hindrance for launching DCL1 complexes from two opposite directions on the same pri-miRNA. Conversely, when the distance was 1-2 bp longer than the optimal distance of 17 bp, the predominant cleavage sites remained at the same location-at the edge of an internal loop-and we observed minor cleavage products resulting from inaccurate cleavage (Fig. 5a, lanes  16 and 18, and Fig. 5b ). This result suggests that DCL1 complexes could sense the loop and adjust their catalytic sites toward the edge of the loop for cleavage. This cleavage pattern is reminiscent of a recent observation in animal Dicers that can sense loop regions to determine pre-miRNA processing 35 . Consistent with this notion, a number of miRNA:miRNA* duplexes were found to reside near an internal loop that is ~18-19 bp away from reference sites of pri-miRNAs in a genome-wide analysis 28 . Hence, DCL1 complexes can tolerate slight deviations from the optimal 17-bp distance between the reference site and the miRNA:miRNA* duplex if the processing position is close to an internal loop.
To further study how DCL1 complexes recognize the internal loop for processing, we examined a possible role of the DCL1 helicase domain. Similarly to DCL1, DCL1 with deletion of the helicase domain (∆H) cleaved pri-miRNAs predominantly at sites 16-17 bp away from the ssRNA reference sites regardless of whether the processing sites were at the edge of the internal loops (Fig. 5c,d and Supplementary Fig. 4c ). These results further validated the idea that the canonical ruler of the microprocessor is 16-17 bp in length. In contrast, DCL1 (∆H) generated multiple cleavage products when the internal loops deviated 1-2 bp from the optimal processing sites, a result suggesting that pri-miRNAs were inaccurately processed. This result is also in line with a previous study that found that deletion of the helicase domain leads to inaccuracy of miRNA biogenesis 32 . The deletion of the entire helicase domain potentially changes the overall structure of DCL1, resulting in compromised processing accuracy. To test this possibility, we repeated the cleavage assays with wild-type DCL1 in the absence of ATP and GTP. In this scenario, the cleavage patterns were essentially identical to those with DCL1 (∆H) (Fig. 5e  and Supplementary Fig. 4d ). Together these results indicate that the The schematic illustration of the cleavage products from e was similar to that in d and is thus omitted. In a-e, the substrates were the 5′-end-labeled transcripts of pri-miR-166c mutants with varying distances between internal loops and the reference sites. Immunoprecipitation, cleavage assays and RNA processing were performed as described in Figure 2b . The positions of intact substrates, cleavage products and RNA markers are shown. Black asterisks show nonspecific cleavage products frequently present in the assay system. Large and small red arrowheads show the predominant and minor cleavage sites, respectively, and large and small turquoise arrowheads indicate the predominant and minor abortive processing sites, respectively. Black lines mark the locations of reference sites and internal loops. Red asterisks on the transcripts indicate 32 P-labeling positions. npg a r t i c l e s helicase domain inspects an internal loop for processing authenticity, a situation reminiscent of that of fly Dicer1, which recognizes single-strand terminal-loop structures of pre-miRNAs through its helicase domain 36 .
Structural determinants for pri-miRNA abortive processing
Swapping the upper stem and terminal region of pri-miR-166c with their counterparts from pri-miR-166f abolished abortive processing (Fig. 6a) , suggesting that the large terminal loop might be disguised as a ssRNA-dsRNA reference site, which leads to the noncanonical recruitment of DCL1 complexes. To further pinpoint the structures that are required for abortive processing, we created a series of mutations in the upper stem and terminal loops of pri-miR-166c (Fig. 6b,c) . Decreasing the size of the terminal loop either completely blocked or substantially decreased abortive processing (Fig. 6b, lane 8 , C-T2; lane 12, C-T4; lane 14, C-T5, and Supplementary Fig. 5b ). Additionally, a terminal loop with less complicated top structures also alleviated abortive processing to some extent (Fig. 6b, lane 10,  C-T2+3) . Conversely, the presence of an ~15-to 18-bp linearized upper stem close to a large terminal loop favored abortive processing over productive processing (Fig. 6b, lanes 16 and 18) . These in vitro results are consistent with miR-166 accumulation in the transgenic plants expressing these constructs (Fig. 1f) . Together, these data suggest that a large terminal loop in pri-miRNAs readily triggers noncanonical launching for a microprocessor, which results in abortive processing.
Similarly to productive processing, all abortive processing sites tended to occur close to internal loops (Figs. 5a and 6c) . To validate precisely the length of the molecular ruler used in the abortive processing, we first annealed a small internal loop (Fig. 6b,c, lane 4 , C-∆UL) that is 11 bp away from the abortive processing sites and found that the abortive processing pattern remained unchanged. We also created a pri-miR-166c mutant by increasing the length of the upper stem between the internal loop and the terminal loop (Fig. 6d, C-US22 ). DCL1 reconstitution assays with pri-miR-166c-US22 revealed that the abortive processing site was 17 bp away from the large terminal loop. This result indicates that the molecular ruler for abortive processing is identical to that used for productive processing (Figs. 4 and 5) .
Many other pri-miR-165s and pri-miR-166s in Arabidopsis also harbor complicated terminal structures. To examine whether abortive processing was applied to these pri-miRNAs, we tested pri-miR-166d in DCL1 reconstitution assays. We found that pri-miR-166d, similarly to pri-miR-166c, showed abortive processing patterns (Supplementary Fig. 6 ). These results further indicate that abortive processing of pri-miRNAs accounted for the low accumulation of miR-166 in the transgenic lines (Fig. 1) . Because pri-miR-165a and pri-miR-166a have branched terminal loops but yield higher in vivo levels of miR-165 and miR-166 expression, we wanted to learn how DCL1 complexes process these pri-miRNAs. In vitro assays showed that pri-miR-165a, in contrast to pri-miR-166c, was cleaved in a predominantly productive manner (Supplementary Fig. 6 ). The preference for productive processing over abortive processing of pri-miR-165a is probably due to its relatively smaller terminal loop size and the shorter distance between the terminal loop and the miRNA:miRNA* duplex. Notably, pri-miR-166a could never be cut by DCL1 in our reconstitution system (H.Z., C.G. and X.Z., unpublished data), a result suggesting that there might be an alternative pathway bypassing canonical DCL1-mediated processing in vivo. 
Bidirectional processing extends beyond pri-miR-166s
We found that 77 out of 232 Arabidopsis hairpins from miRBase had BTLs. To examine whether bidirectional processing of pri-miRNAs occurs beyond the pri-miR-166 family, we first explored eight previously described degradome data sets [37] [38] [39] [40] for evidence of abortive processing. Degradome sequencing determines the RNAs that have 5′ monophosphates, which include remnants of DCL1-catalyzed pri-miRNA processing 27 , among other types of processed RNAs. We defined abortive processing by the presence of degradomeinferred remnants ending between 15 and 17 nt from the loopproximal end of the miRNA-containing helix. Of the 155 hairpins with normal, unbranched loops, 6 had evidence of abortive processing (3.9%). Seven of the 77 (9.1%) hairpins with BTLs had such evidence ( Fig. 7a and Supplementary Fig. 7a ).
Products derived from abortive processing of pri-miRNAs, exemplified by pri-miR-166c, are probably unstable, and therefore many may escape detection by degradome sequencing. We argue that if intermediate processing fragments from abortive processing are nearly self complementary, progressive cleavage by DCL1 complexes might generate some small RNA (sRNA) remnants other than miRNA:miRNA* duplexes. We next mined high-throughput sRNA sequencing data sets 41 to identify any sRNA byproducts derived from potential abortive processing. We indeed observed many sRNAs that were indicative of bidirectional processing ( Fig. 7b and Supplementary Fig. 7b) . Some of these pri-miRNAs were identical to those recovered from the degradome-inferred approach described above (Fig. 7a) . In one instructive case, we found that pri-miR-825 harbors branched loops in its lower stem and a normal loop in the upper stem. Notably, the directions of productive and abortive processing are also switched for pri-miR-825. Similar studies in rice also recovered several pri-miRNAs, including pri-miR-166c, a result suggesting that the presence of bidirectional processing of the same pri-miRNAs extends beyond Arabidopsis (Supplementary Fig. 7c ).
To further test whether there is a general predisposition toward bidirectional processing for TLBed pri-miRNAs, we engineered an artificial miniature TLBed pri-miRNA (Fig. 7c) . In vitro DCL1 reconstitution assay with this synthetic pri-miRNA indeed revealed the concurrent presence of both productive and abortive processing. This result further suggests that bidirectional processing of pri-miRNAs with large BTLs might be a common scenario in plants.
The terminal loop influences the stability of pre-miRNAs
The presence of abortive processing of pri-miR-166c was not solely responsible for the lowest miR-166 accumulation in vivo because half of the pri-miR-166c was still processed through productive processing (Fig. 2c) . To better understand whether the TLBed pre-miRNAs were processed similarly to their pri-miRNAs, we repeated the in vitro DCL1 reconstitution assays with 5′-end-labeled pre-miR-166c and pre-miR-166f. We observed only one cleavage fragment (21 nt) in the processing of pre-miR-166c and pre-miR-166f (Fig. 8a) , a result indicating that DCL1 complexes accurately processed the pre-miRNAs and a large terminal loop did not trigger abortive processing for pre-miR-166c.
We then compared the steady-state abundances of pre-miRNAs that contain different terminal structures. RNA blot analysis of total RNAs prepared from stable transgenic plants or the N. benthamiana transient system showed that pre-miRNAs with small terminal loops (MIR166c T1 and T2) were easier to detect than those with large terminal loops (MIR166c top and MIR166c T3) (Fig. 8b and  Supplementary Fig. 8 ). In addition, a large internal loop in the upper stem or multibranched terminal structures also affected pre-miRNA stability ( Fig. 8b and Supplementary Fig. 8 , MIR166c T2+3 and MIR166c Ts3). These results indicate that the secondary structures of terminal regions in pre-miRNAs regulate their stability, further controlling homeostasis of miRNA accumulation in vivo. 
DISCUSSION
A canonical pathway for pri-miRNA processing is that RNase III proteins and their partners define their initial cut at a position away from the ssRNA-dsRNA junction in the lower stems to release pre-miRNAs 2 . A noncanonical pathway for miRNA biogenesis also exists for some plant pri-miRNAs that harbor a long linear stem-loop structure (pri-miR-159a and pri-miR319a): DCL1 initiates sequential cuts close to the terminal loop rather than at the base until the release of miRNA:miRNA* duplexes 28 . Here we propose a new mode of action for pri-miRNA processing, as DCL1 protein processes the same pri-miRNAs in two directions, either from the lower stem to the terminal loop or vice versa (Fig. 8c) . This scenario occurs as a result of the structural heterogeneity of plant pri-miRNAs. Many pri-miRNAs, including pri-miR-166c, contain large terminal loops, which may 'disguise' a ssRNA-dsRNA junction to recruit DCL1 complexes for cleavage. This outside-in mechanism has two outcomes: if DCL1 goes from base to loop, it produces mature miRNAs; if it goes in the opposite direction, it destroys them. Given that pri-miRNAs could be processed forwards or backwards in plants, the question arises of how DCL1 complexes process primiRNAs with large terminal loops. Our results have shown that the binding orientation of DCL1 complexes in pri-miRNAs is a key factor in determining whether productive or abortive processing events occur. Although exactly how DCL1 complexes associate with primiRNAs or vice versa is unclear in plants, some structural elements in pri-miRNA may contribute to the preference of DCL1 association (Fig. 8c) . First, large terminal loops and long upper stems promote noncanonical processing (Fig. 6a-c) . Second, the presence of a ssRNA region in the lower stem is required for canonical DCL1 function because the deletion of this segment completely suppresses productive processing (Fig. 4b) . Third, the presence of an internal loop in the lower stem probably suppresses productive processing and facilitates abortive processing (Fig. 5a) . Similar results have also been reported in animal systems 2 , a result suggesting that in both plants and animals, internal loop structures in the stem influence the ratio of productive and abortive processes 2 . Notably, in our study, Mfold analysis 41 suggested the presence of large internal loops in the lower stems of pri-miR-166a and pri-miR-166b. These pri-miRNAs were efficiently processed in vivo but not in vitro. It is tempting to propose that the secondary structures of these pri-miRNAs might be different from the predicted structures. Alternatively, these pri-miRNAs may have unappreciated processing mechanisms that bypass canonical pri-miRNA processing.
We report numerous TLBed pri-miRNAs in Arabidopsis and additional cases in rice that are indicative of bidirectional processing. Such a processing method may also be present but not easily detected in many other TLBed pri-miRNAs-for example, pri-miR-166c-because of extremely low expression of pri-miRNAs or instability of abortive processing products. Conversely, we have no reason to exclude the presence of bidirectional processing in pri-miRNAs with linear-hairpin structures but also large internal or terminal loops, as observed in in vitro assays (Fig. 6) and in planta (Supplementary Fig. 7a) .
It has been suggested that DCL1 complexes initially process pri-mRNAs at a distance of ~15 nt from either a ssRNA-dsRNA junction or an internal unstructured region [23] [24] [25] [26] . Here we provide Figure 8 The terminal loop affects the steadystate abundance but not the processing pattern of pre-miRNAs. (a) In vitro DCL1 reconstitution assays with the 5′-end-labeled transcripts with pre-miR-166c and pre-miR-166f. Protein immunoprecipitation, cleavage assays and processing of RNA products were performed as described in Figure 2b npg a r t i c l e s direct biochemical evidence to boost this model and more precisely pinpoint the cleavage sites. We also demonstrate that the canonical ruler system is applicable to both productive and abortive processing (Fig. 8c) . The reference site for microprocessor recognition can be a large internal or terminal loop and is not necessarily counted from the ssRNA segments at the lower stem of pri-miRNAs. Genome-wide analysis has shown that half of the pri-miRNAs, which are probably subjected to canonical miRNA processing, harbor an unpaired region or loop 17 nt away from the loop-distal DCL1 cleavage sites in the lower stem 25 . However, the microprocessor in plants also has a certain degree of plasticity and allows for productive processing from structures that are slightly different from the optimal 16-17 bp, especially in scenarios in which the processing sites are near an internal loop. We propose that DCL1 may use a noncanonical ruler system to sense the loop region and adjust the cleavage sites in pri-miRNAs, thus permitting more fitness in generating uniform miRNAs (Fig. 5) . The sensing of the internal loop is apparently through the helicase domain of DCL1 (Fig. 5) . However, DCL1 complexes do not favor distances shorter than 16 bp from the ssRNA-dsRNA reference site to the potential processing position. Our biochemical results are consistent with the previous computational discovery that Arabidopsis pri-miRNAs have evolved to contain unpaired regions or loops 12-14 nt away from the cleavage sites only rarely 25 . Taken together our results provide new insight into understanding the complicated processing mechanism of pri-miRNAs in plants and beyond.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Vector construction. The majority of constructs were made using a Gateway system (Invitrogen) 42, 43 . The primers for the construction of all vectors are listed in Supplementary Table 1 .
Genes encoding miRNAs, including the concise and extended forms, were cloned from Arabidopsis genomic DNA. These genes were introduced into pENTR/D vectors, confirmed by sequencing and transferred into the pBA-DC destination vectors using LR Clonase (Invitrogen). Chimeric primary miRNAs with extended forms were constructed as described below.
For pENTR-pri-miR-166f c B+T (extended form, where B is the base and T is the top), we replaced the base and top sequences of pri-miR-166f with the counterparts from pri-miR-166c, with the miR-166f duplex kept intact. Briefly, the extended form of pENTR-pri-miR-166c was used as a template for two sequential mutagenesis PCRs using two sets of primers: c-to-f forward and c-to-f reverse for the first PCR (PCR1) and c*-to-f* forward and c*-to-f* reverse for the second PCR (PCR2). Then the mutated pENTR-pri-miR-166c (extended form) was further used as a template for overlapping PCR using two sets of primers (f*cTL forward and M13 reverse, and M13 forward and f*cLS reverse). The resultant PCR fragments were mixed, amplified using miR-166c forward and miR-166c reverse primers, and further cloned into pENTR/D to generate pENTR-pri-miR-166f c B+T (extended form).
For pENTR-pri-miR-166c f B+T (extended form), we exchanged the base and top sequences of pri-miR-166c with the counterparts from pri-miR-166f using a strategy similar to that used for pENTR-pri-miR-166f c B+T (extended form) described above. The primers for sequential mutagenesis PCRs were f-to-c forward and f-to-c reverse, and f*-to-c* forward and f*-to-c* reverse. The primers for overlapping PCRs were c*fTL forward and M13 reverse, M13 forward and c*fLS reverse, and miR-166f forward and miR-166 reverse.
For pENTR/D-pri-miR-166f c T (extended form), we exchanged the top region of miR-166f with that from miR-166c. We used pENTR-pri-miR-166f (extended form) as a template for three rounds of extension PCRs. The three groups of primers were cTL-f forward 1 and M13 reverse, cTL-f forward 2 and M13 reverse, and cTL-f forward 3 and M13 reverse. The resultant PCR fragment was mixed with another PCR fragment generated with M13 forward and cTL-f* reverse primers using pENTR-pri-miR-166f (extended form) as template for overlapping PCR. The overlapping PCR product was amplified using miR-166f forward and miR-166f reverse primers and cloned into pENTR/D to generate pENTR-pri-miR-166f c T (extended form).
For pENTR/D-pri-miR-166c f T (extended form), we exchanged the top region of miR-166c with that from miR-166f using a strategy similar to the one for the chimeric vector pENTR-pri-miR-166f c T (extended form) described above. The two sets of primers for extension PCRs were f TL-c forward 1 and M13 reverse, and f TL-c forward 2 and M13 reverse. The primers for the overlapping PCRs were M13 forward and f TL-c* reverse, and miR-166c forward and miR-166c reverse. The final PCR product was cloned into pENTR/D to generate pENTR-miR-166c f T (extended form).
For pENTR/D-pri-miR-166f c B (extended form), we exchanged the base region of miR-166f with that of miR-166c using a strategy similar to that used with the chimeric plasmids described above. The two sets of primers for the extension PCRs were f TL-c forward 1 and M13 reverse, and f TL-c forward 2 and M13 reverse. The primers for the overlapping PCRs were M13 forward and f TL-c* reverse, and miR-166c forward and miR-166c reverse. The resultant PCR product was cloned into a pENTR/D vector. This pENTR vector was used as a template for an additional round mutagenesis PCR using the primers cLS GT-to-ag forward and cLs GT-to-ag reverse to create pENTR-pri-miR-166f c B (extended form).
For pENTR/D-pri-miR-166c f B (extended form), we replaced the base region of miR-166c with that of miR-166f in the miR-166c backbone. The extension PCRs were conducted with three sets of primers (cTL-f1 forward and M13 reverse, cTL-f forward 2 and M13 reverse, and cTL-f forward 3 and M13 reverse). Overlapping PCR was then performed using the primers M13 forward and cTL-c* reverse, and miR-166f forward and miR-166f reverse. The resultant PCR product was cloned into pENTR/D. This pENTR vector was used as a template for an additional round of mutagenesis PCR using the primers fLS a-to-gt forward and fLS a-to-gt reverse to create pENTR-pri-miR-166c f B (extended form).
For all concise forms of the pENTR-pri-miR-166c and -pri-miR-166f vectors, the short PCR products were generated using the wild-type and chimeric mutants of pENTR-pri-miR-166c and -pri-miR-166f (extended form) as templates and
